Abstract-We demonstrate that information can be transmitted and processed with pure spin currents in silicon. Fe/Al 2 O 3 tunnel barrier contacts are used to produce significant electron spin polarization in the silicon, generating a spin current which flows outside of the charge current path. The spin orientation of this pure spin current is controlled in one of three ways: 1) by switching the magnetization of the Fe contact; 2) by changing the polarity of the bias on the Fe/Al 2 O 3 "injector" contact, which enables the generation of either majority or minority spin populations in the Si, providing a way to electrically manipulate the injected spin orientation without changing the magnetization of the contact itself; and 3) by inducing spin precession through the application of a small perpendicular magnetic field. Spin polarization by electrical extraction is as effective as that achieved by the more common electrical spin injection. The output characteristics of a planar silicon three-terminal device are very similar to those of nonvolatile giant magnetoresistance metal spin-valve structures.
I. INTRODUCTION
T HE International Technology Roadmap for Semiconductors has identified the electron's spin angular momentum as a new state variable that should be explored as an alternative to the electron's charge for use beyond CMOS [1] . The use of pure spin currents to process information is attractive because it potentially circumvents the constraints of capacitive time constants, resistive power dissipation, and heat buildup which accompany charge motion. The generation of significant spin polarization is a basic requirement for utilizing spin as an alternate state variable in semiconductors [2] . This has typically been accomplished by electrically injecting spin-polarized electrons or holes from a magnetic contact with an intrinsic spin-polarized density of states and carrier population into the semiconductor host of choice. This has been demonstrated in GaAs using a variety of contact materials, including both magnetic semiconductors (p-GaMnAs [3] , n-ZnMnSe [4] , [5] , and n-CdCr 2 Se 4 [6] ) and ferromagnetic metals (Fe [7] , [8] , FeCo [9] , FeGa [10] , and MnAs [11] ) and, more recently, with magnetic metals on Si [12] - [14] . Model calculations indicate that selectively extracting carriers of one spin state from the unpolarized carrier population of the semiconductor using the spin filtering provided by the spin-polarized density of states of the magnetic contact should be an equally effective avenue toward achieving high spin polarization in the semiconductor [15] - [17] . Evidence for this mechanism was presented for metals [18] - [20] and for GaAs [21] , [22] and graphene [23] . However, the contact bias dependence of the semiconductor spin polarization is not well understood and remains a topic of considerable discussion [22] , [24] , [25] .
We have previously shown that an Fe/Al 2 O 3 and an Fe Schottky tunnel barrier contact on Si can be used to electrically inject spin-polarized electrons from the Fe, resulting in large electron majority spin polarizations in the Si (referenced to the Fe magnetization) [12] , [26] . In this brief, we describe electrical spin extraction from Si using the same contact, where a positive voltage applied to the Fe results in an electron current from the Si into the Fe. The spin-polarized density of states at the Fe Fermi energy provides higher conductance for majority spin electrons, resulting in an accumulation of minority spin electrons in the Si, i.e., the net electron spin orientation in the Si is opposite that of the Fe "injector." The minority spin polarization in Si results in a splitting of the spin-dependent chemical potential, which is detected as a voltage at a second Fe/Al 2 O 3 contact configured as a nonlocal detector [27] . These results show that either majority or minority spin populations can be generated in the Si simply by changing the polarity of the bias on the Fe/Al 2 O 3 injector contact, providing a way to electrically change the injected spin orientation without changing the magnetization of the contact itself. We demonstrate nonlocal spin-valve (NLSV) behavior as the magnetization of the injector and detector are switched from parallel to antiparallel, and precession of the minority spin current generated by spin extraction. The contact bias and magnetization, together with spin precession, allow full control over the orientation of the spin in the silicon channel and subsequent detection as a voltage, demonstrating that information can be transmitted and processed with pure spin currents in silicon.
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II. FABRICATION
The samples consist of a 250-nm-thick Si(001) epilayer grown by molecular beam epitaxy (MBE) at 1 Å/s from an electron beam source at a substrate temperature of 500
• C on an undoped Si(001) substrate. The film was n-doped (phosphorus) at ∼3 × 10 18 cm −3 (25 • C), near the metal-insulator transition to avoid carrier freeze-out at lower temperatures. After a 10% HF acid etch and deionized water rinse to produce a hydrogenterminated surface, the samples were loaded into a second MBE system, heated to desorb the hydrogen, and a 1-nm Al 2 O 3 tunnel barrier and 10-nm polycrystalline Fe film were deposited as described previously [14] .
Conventional photolithography and wet chemical etching were used to define multiple NLSV structures, each consisting of four Fe contacts spaced as shown in Fig. 1 . Contacts 2 (24 × 100 μm) and 3 (6 × 100 μm) are separated by 1 μm and serve as the spin detector and injector, respectively. The different aspect ratios provide different coercive fields with the easy axis along the long axis so that the contact magnetizations can be aligned parallel or antiparallel. Contacts 1 and 4 are reference contacts (100 × 150 μm) located several spin diffusion lengths away from the transport channel to insure that the spin polarization is zero at these spin grounds.
III. RESULTS Fig. 2 shows the I-V curve at 15 K for these Fe/Al 2 O 3 /Si contacts. The modest temperature dependence of the normalized zero bias resistance [28] , defined as R(T )/R(300 K) (upper inset of Fig. 2) , and the good fits to the Brinkman, Dynes, and Rowell model for asymmetric tunnel barriers [29] (lower inset of Fig. 2 ) confirm the tunneling nature of these contacts. Tunnel contacts have been shown to provide the spin-dependent interface resistance needed to create a spin polarization in a semiconductor [30] , [31] .
In the spin injection experiment, a negative bias is applied to contact 3, and a spin-polarized electron current is injected from contact 3 into the Si to produce 1) a spin-polarized charge current, which flows to contact 4 due to the applied bias, and 2) a pure spin current, which diffuses isotropically. The electron spin is a majority spin [12] oriented in the plane of the surface due to the in-plane magnetization of the Fe contacts (and opposite the magnetization of the injector by convention). We analyze the pure spin diffusion current at contact 2, which is outside of the charge current path ("nonlocal"), where the spin polarization in the Si results in a splitting of the electrochemical potential (Fig. 3) . This is manifested as a voltage proportional to the projection of the semiconductor spin accumulation onto the magnetization direction of the detector contact. Fig. 4 shows the nonlocal voltage as a function of an in-plane magnetic field B y that is used to switch the magnetization of the injector and detector contacts. At large negative fields, the magnetizations are parallel, and the majority spins injected into the Si are parallel to the electron spin orientation of the detector, resulting in a minimum in the nonlocal voltage at contact 2.
As the field is increased (red symbols), contact 2 with the lower coercive field switches so that the injector/detector magnetizations are antiparallel. The orientation of the spin current diffusing to contact 2 is now antiparallel to that of the detector, producing an abrupt increase at B y ∼50 Oe and a plateau in the nonlocal voltage. As B y is increased further, contact 3 also switches so that injector and detector contact magnetizations are again parallel, and the nonlocal voltage abruptly decreases to its minimum value. The process is repeated as the field is swept in the opposite direction (blue symbols), producing an output characteristic similar to that seen in metal pseudo-spinvalve structures [32] and confirming remanent (nonvolatile) parallel and antiparallel contact orientations.
The top half of Fig. 5 shows similar data for decreasing values of the bias current flowing between contacts 3 and 4 (from −200 to −25 μA). As the bias voltage at the injector changes from negative to positive, electrons flow from the Si into the Fe contact (+50 to +150 μA). The higher conductivity of the Fe majority spin channel results in efficient majority spin extraction and accumulation of minority spin electrons in the Si, as shown in Fig. 3(b) . A minority rather than majority pure spin current now diffuses from the injector to the detector contact 2, resulting in an inversion of the nonlocal voltage peaks for the antiparallel alignment of injector and detector contact magnetizations. The magnitude of the nonlocal voltage is roughly linear with the magnitude of the bias current, similar to [20] and [23] for metals and graphene, but unlike [22] for GaAs where the nonmonotonic behavior was attributed to localized electrons in bands near the surface due to the doping profile [24] or resonant states at the Fe/GaAs interface [25] . Fig. 6 . Hanle measurements at 10 K for positive and negative injector currents, with the graphs offset for clarity. The Hanle curve shows a dip or a peak for injection and extraction, respectively, consistent with majority and minority spin accumulation. The dashed lines are fits to the Hanle data using g = 2, spin diffusion constant Ds = 10 cm 2 /s, and spin lifetime τs = 0.9 ns.
Hanle effect curves for bias currents of ±100 μA are shown in Fig. 6 , demonstrating spin precession for both spin injection and extraction. The magnetizations of the injector and detector contacts are placed in the parallel remanent state, and a magnetic field (Hanle field B z ) is applied perpendicular to the surface of the device. The lower trace is the Hanle curve for spin injection at a bias current of −100 μA. As the Hanle field increases from zero, the injected spins in the silicon precess around B z during transit to the detector contact, resulting in an increasing degree of antiparallel alignment relative to the detector spin orientation and a corresponding increase in the nonlocal signal. This is consistent with the accumulation of majority spin in the Si channel. The upper trace is the Hanle curve for spin extraction at a bias of +100 μA. Because minority spin is generated in the Si, the nonlocal voltage exhibits a maximum at B z = 0 due to the antiparallel alignment of the spin in the Si relative to the detector and decreases with increasing Hanle field as spin precession leads to parallel alignment. Variations in transit times in the transport channel due to the width of the injector and detector contacts truncate the full Hanle curve and suppress further precessional oscillations in the nonlocal voltage.
The overall shape of the Hanle curve provides a measure of the spin lifetime in the Si channel. Fits to the data of Fig. 6 using an approach similar to that of [22] yield spin lifetimes of ∼1 ns. The lifetimes for majority and minority spins (referenced to the injector contact 3) in the Si channel are comparable, as expected for a nonmagnetic semiconductor. We attribute the relatively short spin lifetimes to the fact that this lateral transport geometry probes spin diffusion near the Si/Al 2 O 3 interface, where surface scattering and interface states are likely to produce more rapid spin relaxation than in the bulk. In addition, our Si epilayers are grown at significantly lower temperatures (500
• C) than those used in bulk growth, which results in higher defect densities.
IV. CONCLUSION
In summary, we have demonstrated the injection and extraction of spins from a Si channel by controlling the bias on the ferromagnetic injector contact, resulting in the accumulation of majority or minority spins in Si. This provides a simple electrical means to manipulate the spin orientation in future silicon-based spintronic devices without switching the magnetization of the contacts. An alternative method to electrically manipulate the spin orientation using two noncollinear injectors in the injection regime has been shown in metals [33] . The contact bias and magnetization, together with spin precession in the transport channel, allow full control over the orientation of the spin in the silicon channel and subsequent detection as a voltage. The ferromagnetic contacts provide nonvolatile functionality as well as the potential for reprogrammability. This was accomplished in a lateral transport geometry using lithographic techniques compatible with existing device geometries and fabrication methods. Although the measurements reported in this brief were performed at low temperatures to reduce the noise arising from the relatively high Fe/Al 2 O 3 contact resistance, techniques to reduce the interface resistance [34] or take advantage of fundamental band structure symmetries between Fe and Si [35] offer promising avenues to significantly improve the signal to noise for room-temperature operation. 
